Abstract. Energies for 524 levels of Ar XIII, 460 levels of Ar XIV and 156 levels of Ar XV have been calculated using the  code of Dyall et al. (1989) . Additionally, radiative rates, oscillator strengths, and line strengths are calculated for all electric dipole (E1), magnetic dipole (M1), electric quadrupole (E2), and magnetic quadrupole (M2) transitions among these levels. Comparisons are made with the limited results available in the literature, and the accuracy of the data is assessed. Our energy levels are estimated to be accurate to better than 1%, whereas results for other parameters are probably accurate to better than 20%. Additionally, the level lifetimes derived from our radiative rates are in excellent agreement with measured values.
Introduction
Recently a wealth of high resolution spectra in the UV, EUV and X-ray regions have been obtained for solar, stellar and other astrophysical sources by many space missions, such as SOHO, Chandra and XMM Newton. Many of the observed emission lines are from the spectra of highly ionized argon, and some of these from Ar XIV−XVIII have been specifically listed by Dere et al. (2001) . A complete list of lines over a wide range of wavelengths for many ions, including those of argon, are available in the  database at http://wwwsolar.nrl.navy.mil/chianti.html. Additionally, to provide experimental support to observational data, many lines of Ar IX−XVI in the 20−50 Å X-ray range have been measured in the electron beam ion trap () experiments of the Lawrence Livermore National Laboratory (Lepson et al. 2003 ).
An analysis of observed spectra provides information on the temperature, density and chemical composition of the plasmas. However, such an analysis requires information for a wide range of atomic parameters, such as energy levels, radiative rates, and excitation rate coefficients. Therefore, with this in view we report in this paper our results of energy levels, radiative rates (A-values), oscillator strengths ( f -values) and line strengths (S -values) and Ar XV. Similar results for Ar XVI have already been reported by McKeown et al. (2004) , whereas calculations are in progress for some other ions, such as Ar XVII and Ar XVIII.
There is paucity of measurements for the above named atomic parameters, and hence theoretical results are of vital importance. A few calculations have been performed in the past by some authors, but most of these are limited to a few energy levels. Therefore, in this work we attempt to report results for a wider range of energy levels, and hence for a larger number of transitions. Furthermore, most of the available theoretical data are confined to the radiative rates for allowed and inter-combination (E1) transitions alone, whereas we here report similar data for other types of transitions as well, namely electric quadrupole (E2), magnetic dipole (M1) and magnetic quadrupole (M2), because these data are also required in the analysis and modelling of plasmas.
Energy levels
For our work we have adopted the fully relativistic  (General purpose Relativistic Atomic Structure Package) code of Dyall et al. (1989) , and have included configuration interaction (CI) among a large range of configurations/levels. Additionally, Breit and QED corrections have been included to further improve the accuracy of our results. The specific configurations included, results obtained and the accuracy achieved in comparison to the available theoretical and experimental data, are discussed below for each ion.
Ar XIII
In our earlier work on this ion (Aggarwal et al. 2001) , we reported results for energy levels and radiative rates, but only for transitions among the lowest 46 levels of the (1s  2 ) 2s  2 2p  2 ,  2s2p 3 , 2p 4 , and 2s 2 2p3 configurations, and adopted the 3
program of Hibbert (1975) . The inclusion of relativistic effects was confined to one-body operators (namely, mass correction, Darwin, spin-orbit, spin-other-orbit and spin-spin terms), but extensive CI was included among the internal as well as external (up to 4 f ) orbitals. Furthermore, A-values were reported only for the E1 transitions. However, the energy levels obtained were assessed to be accurate to within 5%, and the radiative rates for a majority of transitions were accurate to within 20%. It may be noted that the experimentally compiled energies by NIST (http://physics.nist.gov/PhysRefData) are available for only a few levels as shown in Table 4 of Aggarwal et al. (2001) .
A larger calculation involving 1274 levels of Ar XIII was performed by Nahar (2000) , who adopted the R-matrix method of Berrington et al. (1995) . Her calculations are primarily in the LS coupling scheme, and results for fine-structure transitions were obtained by the inclusion of one-body relativistic operators (only mass correction, Darwin, and spin-orbit terms) in the Breit-Pauli approximation. This approach yields results for a large number of levels (and correspondingly for a very large number of E1 transitions) with comparatively less effort than required in a standard atomic structure calculation. However the accuracy achieved is often poor, especially for transitions among the degenerate levels of a state, because the relativistic effects are not properly accounted, and two-body operators are completely neglected. An inadequacy of this method has been discussed in detail by Hibbert (2003) , and has been demonstrated for results in Fe XIII by Young (2004) , in Fe XVII by Nahar et al. (2003) , and in Fe XXIV by McKeown et al. (2004) . We will further discuss below the accuracy of their energy levels in comparison to other available calculations.
In a more recent work, Liang et al. (2004) have reported energy levels and radiative rates for transitions among the 224 levels of the 2s 2 2p 2 , 2s2p 3 , 2p 4 , 2s 2 2p3 , 2s2p 2 3 , 2s 2 2p4 , and 2s 2 2p5 ( ≤ d) configurations. They have adopted the Flexible Atomic Code () of Gu (2003) , which is a fully relativistic code like , and is available at http://kipac-tree.stanford.edu/fac. In general, the discrepancy between their and Nahar's (2000) energy levels is below 2%, as stated by them. However for some levels, the differences between the two sets of data are 5%, and the results of Nahar from the R-matrix code are invariably lower. Particularly noteworthy are the levels of the 2s 2 2p4p configuration, i.e. levels 165−173 (see Table 1 ), for which her energy levels are lower by over 2 Ryd -see Table 1 of Liang et al. These differences are certainly very large for an atomic structure calculation. Apart from this the ordering of levels are different in the two calculations. Therefore, our aim is to confirm the accuracy and orderings of the available energy levels, and we do this by performing an independent calculation using , as stated earlier. : Level has changed order with the inclusion of Breit and QED effects.
In our calculations, we too have included 224 levels of the above stated configurations, and the results obtained are listed in Table 1 along with those of Liang et al. (2004) and Nahar (2000) . It is satisfying to note that the discrepancies between our present calculations from  and those of Liang et al. from  are below 1.7% for all levels, and in fact almost match for a majority of these. Particularly noteworthy in Table 1 is the 2s 2 2p 2 3 P 2 level (3), for which Nahar's energy is higher by 5% than the experimental (0.1991 Ryd) or any of the other theoretical values. Furthermore, the orderings of the levels is also nearly the same in both sets of calculations, although there are some minor differences, such as for levels 43, 68 and 106. This clearly confirms that energy levels from the semi-relativistic calculations of Nahar with the R-matrix code are not as accurate as obtained from the standard atomic structure codes, such as  and . This conclusion is in agreement with those mentioned above for energy levels in Fe XIII, Fe XVII and Fe XXIV.
In order to further assess the accuracy of our energy levels, we have performed several test calculations with increasing number of configurations, such as (2s 2 2p) 6s, 7s, 8s; and (2s2p 2 ) 4 and 5 . This is mainly because many of the energy levels of the 2s2p 2 4 configurations lie below those of the 2s 2 2p5 configurations (see Table 1 ) and extend up to an energy of ∼45 Ryd. Similarly, many of the levels of the 2s2p 2 5 configurations lie just above those of the 2s 2 2p5d 1 P 0 1 level (356) -the highest level considered by Liang et al. (2004) . Therefore, performing a larger calculation than that of Liang et al. has become necessary, which will also help in spectral modelling apart from improving upon the accuracy of the results.
Our Table 1 . Before we discuss these results further, we will like to mention here that the inclusion of other higher levels from configurations such as 2s 2 3 2 , 2s 2 3 3 or (2s2p) 3 3 is of no obvious advantage, as energies of these levels lie well above those of the 524 levels mentioned above. However, the two sets of energy levels (from our 224 and 524 level calculations) agree very closely, and we do not observe any noticeable differences. To conclude, we may state with confidence that the energy levels listed in Table 1 from our  or earlier calculations of Liang et al. (2004) from  are accurate to about 1%, whereas those of Nahar (2000) differ by up to 2 Ryd (5%) for some levels. Furthermore, the level orderings from the  and  codes are nearly the same but differ in many instances with those obtained from the R-matrix code.
Ar XIV
For this ion experimental energy levels on the NIST website are confined to only 16 levels among the 2s 2 2p, 2s2p 2 and 2p 3 configurations. However,  database includes a few more experimental energy levels along with the theoretical energies for the lowest 125 levels of the 2s 2 2p, 2s2p 2 , 2p 3 , 2s 2 3 , 2s2p3 and 2p 2 3 configurations. These theoretical energies are based on the calculations of Zhang et al. (1994) for the n = 2 levels, and their unpublished results for the n = 3 levels, which have been obtained from the Dirac-Fock-Slater () code of Sampson et al. (1989) . In Table 2 Table 2 . Therefore, a larger calculation has become necessary, especially when some of the observed emission lines belong to the 4 levels -see Table 6 of Lepson et al. (2003) .
The agreement between the experimental and theoretical energy levels is generally good, except for two levels, namely 2s2p( 3 P)3p 2 P 1/2 and 2 P 3/2 , i.e. levels 28 and 29, for which the discrepancy is up to 4%. However, experimental values for these (and a few more) levels are not available from the present version of the NIST website, and were stored in the  database from the earlier versions, which cannot be independently verified. Nevertheless, the absence of these levels in the current version indicates the unreliability of these energy levels. Moreover, if these two levels are exchanged with the higher 2s2p( 1 P)3p 2 P 1/2 and 2 P 3/2 , i.e. levels 58 and 61, then the agreements with theory are better and within 2%. Finally, the two sets of theoretical energy levels agree very well in both magnitude and orderings, although there are some minor discrepancies of orderings for a few levels, such as 29/30, 40/41 and 48/49. However, energy differences between these levels are very small, and different energy orderings occur due to different amount of CI included. It will also be appropriate here to state that sometimes the levels of the same j value and parity, but from different configurations (or LS states), are highly mixed and it becomes difficult to identify/designate each level on the basis of the strength of the eigenvectors alone. In such cases the identification/designation is performed on the basis of several test calculations with differing amount of CI, and/or on the basis of the strength of the second most contributing eigenvector. Therefore, although all efforts have been made to properly identify/designate the levels of Ar XIV, yet scope of (re)adjustment remains for a few levels.
Ar XV
For this ion earlier theoretical energies are available up to the n = 3 levels, which are stored in the  database, and are based on the calculations of Sampson et al. (1984) and Zhang & Sampson (1992) , who have adopted their  code. Similarly, experimental energies have been listed by NIST for 11 levels of the (1s 2 ) 2s 2 , 2s2p and 2p 2 configurations, and by Khardi et al. (1994) for some of the n = 3 and n = 4 levels. In this work we have extended the range of energy levels to 156, which belong to 28 configurations of Ar XV, namely (1s 2 ) 2s 2 , 2s2p, 2p 2 , 2s3 , 2p3 , 2s4 , 2p4 , 2s5 ( ≤ f ), 2p5 ( ≤ f ), 2s6s, 2s7s and 2s8s. Expt.: Edlen (1983) for n = 2 levels and  database (http://wwwsolar.nrl.navy.mil/chianti.html) for n = 3 levels.
: Zhang et al. (1984) for n = 2 and  database for n = 3 levels. : Level has changed order with the inclusion of Breit and QED effects. Expt.: NIST (http://physics.nist/gov/PhysRefData) for n = 2 and Khardi et al. (1994) for n = 3 and 4 levels.
: Zhang & Sampson (1992) for n = 2 and Sampson et al. (1984) for n = 3 levels. : Level has changed order with the inclusion of Breit and QED effects.
In Table 3 we list our energy levels and those from the experimental and theoretical compilations. Our present theoretical and earlier experimental energies agree closely, in magnitude as well as orderings, for a majority of levels. The only exceptions for a slight difference of orderings are the levels 51/52, 91/92 and 96/97. All of these pairs differ in energy by less than 0.05 Ryd. Considering that Khardi et al. (1994) have referred to their energy levels as "tentative", the agreement between the theoretical and experimental energy levels is highly satisfactory. On the other hand, some of the energy levels from the  code are indistinguishable, and examples of these are the levels 29/30, 32/33, 41/42 and 45/46. In general, the  energies are slightly higher than our theoretical or earlier experimental results, except for the levels 11−16. Nevertheless, the discrepancy between the two sets of theoretical results is below 1.5%. Due to the inclusion of limited CI only within the n = 3 configurations in the  calculations, this small discrepancy with our results is not unexpected. Finally, on the basis of the comparisons shown in Table 3 , we may state with confidence that our energy levels for Ar XV are accurate to better than 1%.
Radiative rates
The absorption oscillator strength ( f i j ) and radiative rate A ji (in s −1 ) for a transition i → j are related by the following expression:
where m and e are the electron mass and charge, respectively, c is the velocity of light, λ ji is the transition energy/wavelength in Å, and ω i and ω j are the statistical weights of the lower i and upper j levels, respectively. Similarly, the oscillator strength f i j (dimensionless) and the line strength S (in atomic unit, 1 au = 6.460 × 10 −36 cm 2 esu 2 ) are related by the following standard equations.
For the electric dipole (E1) transitions:
and
for the magnetic dipole (M1) transitions:
for the electric quadrupole (E2) transitions:
and for the magnetic quadrupole (M2) transitions:
We present and discuss below our results of radiative rates for each of the argon ions.
Ar XIII
As stated earlier, our previous results of radiative rates (Aggarwal et al. 2001 ) were confined to a limited set of transitions within the 46 levels of the 2s 2 2p 2 , 2s2p 3 , 2p 4 and 2s 2 2p3 configurations. Furthermore, these data are only for the E1 transitions, whereas corresponding results for E2, M1 and M2 transitions may also be required in a modelling calculation. Similarly, the results of Nahar (2000) are restricted to the E1 transitions alone. Although for many transitions the agreement between her results and those of Liang et al. (2004) is satisfactory (see Fig. 2 of Liang et al.) , especially for strong transitions, the accuracy of her results is not very high, as already discussed in Sect. 2.1. Since the recent results of Liang et al. are comparatively more accurate, we focus attention on comparing our data with theirs alone. However, we would like to mention here that although they have computed radiative rates for all types of transitions, their results are incomplete. For example, data for the 1−15 and 1−43 E1, 1−19 and 1−33 E2, and 3−16 and 3−19 M1 transitions are missing, and no results are available for transitions with initial levels of 16 and higher.
In Table 4 we present transition energies (∆E i j in Å), radiative rates (A ji in s −1 ), oscillator strengths ( f i j , dimensionless), and line strengths (S in au), in length form only, for all 40 214 electric dipole (E1) and 51 753 electric quadrupole (E2) transitions among the 524 levels of Ar XIII. The indices used to represent the lower and upper levels of a transition have already been defined in Table 1 . Similar results for 40 032 magnetic dipole (M1) and 51 911 magnetic quadrupole (M2) transitions are listed in Table 5 . These results not only cover a wider range of transitions among larger number of levels, but are also for all possible transitions among the above four types.
In Table 10a we compare our A-values for a limited set of transitions (i.e. from ground level to higher excited levels up to 56) with those of Liang et al. (2004) and our earlier work (Aggarwal et al. 2001) . For strong transitions, our results obtained from the 224 and 524 level calculations are comparable (within ∼10%), which confirms the convergence of wavefunctions. Similarly, the present results agree within ∼20% with those of Liang et al. and the agreement with our earlier calculations for 46 levels (Aggarwal et al.) is also satisfactory. However the effect of inclusion of larger CI is clearly visible for transitions, such as 1−15, 1−49 and 1−56, for which the differences are up to a factor of three, although these three transitions are weak and have very small f -values. For weaker transitions, differences in calculations with different amount of CI are often very large, because of additions or cancellations of matrix elements from different configurations. For the same reason, differences between our present calculations and those of Liang et al. for some transitions are several orders of magnitude, and examples of these are: 2−66, 3−62, 4−115, 6−121, 8−157, and 9−159. However, the most probable reason for such large differences for a few select transitions is the problem of identification/designation of a level. In a large calculation involving many levels, such as for Ar XIII, identifying each level on the basis of the strength of an eigenvector of a configuration is not always easy, and sometimes complicated and ambiguous. We have taken care to identify these levels, but scope remains for the interchange of some of the levels. However, such large discrepancies as noted above are not observed between our 224 and 524 level calculations, and differences remain within two orders of magnitude for some very weak transitions, due to the reasons explained above.
As stated in Sect. 1, wavelengths for some transitions of Ar XIII have been measured by Lepson et al. (2003) using an . In Table 11a Table 11a , and many of these lines are blended (see the last column of Table 5 of Lepson et al.) , the agreement among the three sets of data is excellent for all transitions, and hence provides further support for the accuracy of our calculations.
Finally, we briefly comment on the lifetime τ which is defined as follows:
for a level j. Since this is a measurable parameter, it provides a check on the accuracy of calculations. However, to the best our knowledge τ has not been measured for any of the levels of Ar XIII, and hence no comparisons can be made. Nevertheless, we will compare such measurements for levels of other two ions for which data are available.
Ar XIV
In Table 6 we present transition energies (∆E i j in Å), radiative rates (A ji in s −1 ), oscillator strengths ( f i j , dimensionless), and line strengths (S in au), in length form only, for all 32 608 electric dipole (E1) and 42 427 electric quadrupole (E2) transitions among the 460 levels of Ar XIV. The indices used to represent the lower and upper levels of a transition have already and have been obtained from the  code. In Table 10b we compare those results with our A-values for transitions from the ground state to higher excited levels up to 125. For strong transitions, as expected, the agreement between the two sets of results is within ∼20%. However, for weak transitions ( f ≤ ∼0.001) the differences can be up to an order of magnitude, as can be seen for the 1−29 and 1−59 transitions. This is a direct consequence of the inclusion of larger CI in our calculations, which mainly affects the weaker transitions, as explained in Sect. 3.1.
In Table 11b we compare our theoretical wavelengths with the corresponding experimental and theoretical results of Lepson et al. (2003) for the common transitions of Ar XIV. For this ion, many of these lines are blended, but there is no discrepancy among the three sets of data. This confirms the accuracy of our calculations. Finally, the only measured lifetime available for this ion is for the level 2s 2 2p 2 P 0 3/2 . The earlier measurements of Serpa et al. (1998) and Moehs & Church (1998) give values of 8.7 ± 0.5 ms and 9.12 ± 0.15 ms, respectively. However, the later measurement by Träbert et al. (2000) gives a value of 9.70 ± 0.15 ms, which also agrees very well with our result of 9.714 ms. Additional measurements of τ for other levels of Ar XIV will be helpful in further assessing the accuracy of our calculations.
Ar XV
In Table 8 we present transition energies (∆E i j in Å), radiative rates (A ji in s −1 ), oscillator strengths ( f i j , dimensionless), and line strengths (S in au), in length form only, for all 3616 electric dipole (E1) and 4439 electric quadrupole (E2) transitions among the 156 levels of Ar XV. The indices used to represent the lower and upper levels of a transition have already been defined in Table 3 . Similar results for 3568 magnetic dipole (M1) and 4477 magnetic quadrupole (M2) transitions are listed in Table 9 .
The only data available to compare with our results are those in the  database, as described in Sect. 2.3. These are for the (limited) E1 transitions alone among 46 levels of the 2s 2 , 2s2p, 2p 2 , 2s3 and 2p3 configurations, and have been obtained from the  code. In Table 10c we compare those results with our A-values for transitions from the lowest 5 levels to higher excited levels up to 46. For strong transitions, as expected, the agreement between the two sets of results is within ∼20%. However, for weak transitions ( f ≤ ∼0.001) differences up to 50% are quite common -see, for example, 1−24, 3−20, 4−20 and 5−30. Moreover, for a few very weak transitions, such as 5−31 ( f = 6.9 × 10 −5 ), differences in the two sets of calculations are up to an order of magnitude. This is because of the inclusion of larger CI in our calculations, which mainly affects the weaker transitions, as explained in Sect. 3.1. Finally, for transitions involving the levels 25 and 26 (2p3p 1 P 1 and 3 D 1 ), the differences in the two sets of theoretical data appear to be up to three orders of magnitude. This is because these two levels are highly mixed. To be precise, level 1 P 1 is a mixture of 50% of 1 P 1 and 47% of 3 D 1 , whereas 3 D 1 is a mixture of 49% of 3 D 1 and 41% of 1 P 1 . Therefore, these two levels are clearly identifiable in our calculations based on the strength of their eigenvectors, but their comparable compositions suggest that their orderings are susceptible to change with different combinations of CI. Hence, it is possible that the identification of these two levels has been interchanged in the  calculations, as swapping around the results for these two levels removes the large discrepancies observed in Table 10c . However, we would like to emphasize here that our test calculations for the same 46 levels, as adopted in the  calculations, provide the same orderings with similar compositions, as noted above. Additionally, the A-values obtained from these test calculations are comparable to those in Table 10c for the 2−25, 2−26, 3−25, 3−26, 4−26, 5−25 and 5−26 transitions, but is ∼30% less for the 4−25 transition. This excellent agreement between the two sets of calculations gives us confidence in our results, and suggests that the levels 25 and 26 have been interchanged in the calculations from the  code.
In Table 11c we compare our theoretical and the corresponding experimental and theoretical wavelengths of Lepson et al. (2003) for the common transitions of Ar XV. The first two of these lines are blended, but the agreement is excellent among the three sets of data, and confirms the accuracy of our calculations. Furthermore, lifetime measurements for the 2s2p 3 P 0 2 level of Ar XV are available in the literature. The earlier measurements of Back et al. (1998) and Moehs & Church (1998) give values of 15.0 ± 0.7 ms and 13.4 ± 0.7 ms, respectively. However, the later measurement by Träbert et al. (2000) gives a value of 15.0 ± 0.8 ms, in agreement with our result of 15.72 ms as well as with that of Back et al. As in case of other ions, additional measurements of τ for other levels of Ar XV will be helpful in further assessing the accuracy of our calculations.
Conclusions
In this work, energy levels, radiative rates, oscillator strengths, and line strengths for a large number of transitions in Ar XIII, Ar XIV and Ar XV have been reported. The calculations have been performed using the fully relativistic  code of Dyall et al. (1989) , and CI among a large number of levels has been included. Additionally, results are reported for electric and magnetic dipole and quadrupole transitions, which are not so far available in the literature, except for a few E1 transitions. In general, our energy levels agree in magnitude and orderings with the experimental compilations of NIST as well as with other theoretical results. However, differences of up to 2 Ryd are noted for some levels of Ar XIII when compared with the semi-relativistic calculations of Nahar (2000) . Nevertheless, our energy levels are assessed to be accurate to better than 1% for a majority of levels in all the three ions. However, the accuracy of other parameters (A, f and S) for a majority of strong transitions is ∼20%. Furthermore, theory and experiment are in excellent agreement for lifetimes, but unfortunately these comparisons are restricted to only a level each in Ar XIV and Ar XV, and none in Ar XIII. Therefore, future measurement of lifetimes for additional levels in Ar ions will be helpful in further assessing the accuracy of our results. Nevertheless, the  measurements of wavelengths for 24 transitions of Ar XIII, 16 of Ar XIV and 6 of Ar XV are in excellent agreement with our calculations, and hence provide experimental support to our results. Expt.: Edlen (1983) for n=2 levels and  database (http://wwwsolar.nrl.navy.mil/.html) for n=3 levels. : Zhang et al. (1984) for n=2 and  database for n=3 levels. : Zhang & Sampson(1992) for n=2 and Sampson et al. (1984) for n=3 levels.
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